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Edited by Stuart FergusonAbstract The multiheme SoxAX proteins are notable for their
unusual heme ligation (His/Cys-persulﬁde in the SoxA subunit)
and the complexity of their EPR spectra. The diheme SoxAX
protein from Starkeya novella has been expressed using Rhodob-
acter capsulatus as a host expression system. rSoxAX was cor-
rectly formed in the periplasm of the host and contained heme
c in similar amounts as the native SoxAX. ESI-MS showed that
the full length rSoxA, in spite of never having undergone cata-
lytic turnover, existed in several forms, with the two major forms
having masses of 28 687 ± 4 and 28 718 ± 4 Da. The latter form
exceeds the expected mass of rSoxA by 31 ± 4 Da, a mass close
to that of a sulfur atom and indicating that a fraction of the re-
combinant protein contains a cysteine persulﬁde modiﬁcation.
EPR spectra of rSoxAX contained all four heme-dependent
EPR signals (LS1a, LS1b, LS2, LS3) found in the native
SoxAX proteins isolated from bacteria grown under sulfur che-
molithotrophic conditions. Exposure of the recombinant SoxAX
to diﬀerent sulfur compounds lead to changes in the SoxA mass
proﬁle as determined by ESI while maintaining a fully oxidized
SoxAX visible spectrum. Thiosulfate, the proposed SoxAX sub-
strate, did not cause any mass changes while after exposure to
dimethylsulfoxide a +112 ± 4 Da form of SoxA became domi-
nant in the mass spectrum.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Although a large and increasing number of microorganisms
is known to be capable of oxidizing reduced sulfur compounds
during chemolithotrophic growth [1,2], the current under-
standing of the pathways involved in these oxidation processes
is still limited. However, one overall trend is the recognition of
the importance of c-type cytochromes for such processes [3–5].
Particularly interesting examples are the c-type cytochromes
involved in the oxidation of thiosulfate. The SoxAX cyto-
chromes c551 are thought to catalyze the ﬁrst step in the oxida-
tion of thiosulfate by a thiosulfate oxidizing multienzyme
system (TOMES), that comprises a variety of other heme-*Corresponding author. Fax: +61 7 3365 4620.
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doi:10.1016/j.febslet.2005.03.060and metal-containing proteins [5,6]. The SoxAX proteins are
heterodimeric, multiheme c-type cytochromes exhibiting an
unusual His/Cys or His/Cys-persulﬁde heme ligation for the
heme group(s) located on the SoxA subunit, while the single
heme group located on the SoxX subunit has a His/Met liga-
tion [7,3]. Two types of SoxAX proteins have been described,
the triheme form found in Rhodovulum sulﬁdophilum and Para-
coccus pantotrophus [3,8], and a diheme form that has been
puriﬁed from Starkeya novella [9]. As seen in the crystal struc-
ture of the Rv. sulﬁdophilum SoxAX, the active site of the pro-
tein is located near the subunit interface and is formed by only
one of the SoxA heme groups (containing the modiﬁed cys-
teine ligand) and the SoxX-located heme [10]. The second
heme group of the Rv. sulﬁdophilum SoxA protein appears
not to be involved in catalysis. In the diheme S. novella pro-
tein, this non-catalytic heme group has been replaced by a
disulﬁde bond [9]. Another diﬀerence between the tri- and
the diheme forms of SoxAX studied so far is that the latter
contains a SoxX subunit with an extended N-terminal se-
quence.
The SoxAX proteins from Rv. sulﬁdophilum and S. novella
have been noted for their distinctive and complex electron
paramagnetic resonance (EPR) spectra, which, in spite of the
diﬀerences in the actual heme content of these proteins, con-
tain four heme-derived signals regardless, the signal intensity
of which can vary considerably between preparations [7,9]. It
is thought that the His/modiﬁed-Cys ligated heme group lo-
cated near the active site [10] gives rise to varying proportions
of three of these signals (LS1a, LS1b, LS2) [7]. The variations
in these signals might depend on how much of the SoxAX pro-
tein is present in the persulﬁde-modiﬁed form, that is thought
to arise during turnover of the protein [10]. Since the S. novella
SoxAX protein contains only two hemes but exhibits the inter-
esting spectral features of the triheme protein, it is a particu-
larly promising candidate for further studies of the heme
ligation status giving rise to the unique EPR spectra observed.
One of the objectives of this study was to heterologously ex-
press the diheme SoxAX protein in a host organism that does
not contain a TOMES system and is unable to oxidize thiosul-
fate. The rationale for this was to obtain a SoxAX protein that
had not undergone enzymatic turnover, and should therefore
lack the modiﬁcation to the heme-ligating cysteine in SoxA.
An overexpression system for S. novella SoxAX would have
the additional advantages of overcoming yield limitation im-
posed due to native SoxAX expression occurring during che-
molithotrophic growth of S. novella and, as no geneticblished by Elsevier B.V. All rights reserved.
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amenable to mutational studies.
A recent paper described the expression of the triheme Sox-
AX from P. pantotrophus in Escherichia coli [8]. While the
overall expression of the protein was accomplished successfully
and the protein was found to be fully functional, the expres-
sion was limited by an overload of the cytochrome c matura-
tion systems that occurred when more than 0.1 mM IPTG
was used to induce expression. This occurred despite the pres-
ence of the pEC86 plasmid that allows overexpression of the
E. coli cytochrome c maturation genes [11]. It was also found
that in the E. coli system, the P. pantotrophus SoxA subunit
was formed with less eﬃciency than the SoxX subunit, leading
to imbalanced subunit stoichiometries at initial puriﬁcation
stages [8]. The study did not report any spectroscopic data
on the recombinant P. pantotrophus protein.
In this paper, we describe the expression of the S. novella
SoxAX protein in another host organism, Rhodobacter capsul-
atus, that is known for its capacity to express proteins with dif-
ferent redox centres [12]. We also report ﬁndings from EPR
and mass spectroscopic studies of the recombinant protein.2. Materials and methods
2.1. Materials and reagents
All chemicals were purchased in analytical or corresponding grade
unless otherwise stated. PVDF membranes were from Schleicher and
Schuell.2.2. Bacterial strains, media and plasmids
Bacterial strains and plasmids used in this study are speciﬁed in
Table 1. R. capsulatus strains were cultivated on RCV [13] or TYS
medium [14] as described in [15], protein expression cultures were cul-
tivated as in [12] without addition of molybdate to the growth medium.
Conjugative plasmid transfer into R. capsulatus was performed accord-
ing to [16,15]. E. coli strains were routinely cultivated on liquid or
solidiﬁed Luria–Bertani medium, where necessary the medium was
supplemented with antibiotics [17].Table 1
Bacterial strains and plasmid vectors used in this study
Bacterial strain/vector Genetic markers/phenot
Rhodobacter capsulatus
37B4 Wild type
37B4 DdorA dorA::Gmr, DMSO redu
Escherichia coli strains
DH5a FU80dlacDM15(lacZY
recA1 endA1 hsdR17 (rK
thi-1 gyrA relA1
GM2163 F ara-14 leuB6 fhuA31
GalK2 galT22 mcrA dcm
Dam13::Tn9 xylA5 mtl-1
S17-1 Tpr Smr hsdR pro recA
pBluescript II SK Ampr, lacZ
pRK415 Tcr, mob
pSNSOX5 Ampr, pBluescript II-de
Fragment, soxYZ soxAX
pDorEX Ampr, lacZ
R. capsulatus dor promo
pDorEX-SoxAX Ampr, lacZ
pDorEX-soxAX genes fr
pRK-SoxAX Tcr, mob
pRK415, containing pD2.3. Molecular biological and genetic techniques
Standard techniques were used throughout [17,18]. DNA sequencing
[19] was carried out using the Big Dye Terminator Chemistry (v.3.1)
(Applied Biosystems). Restriction endonucleases were purchased from
Invitrogen, plasmid puriﬁcation kits from Sigma–Aldrich, PCR-puriﬁ-
cation and Gel Extraction Kits from Qiagen.
2.4. Expression of the SoxAX cytochrome in R. capsulatus
The SoxAX protein was expressed in R. capsulatus using a previ-
ously reported expression system [12]. The SoxAX gene region (Gen-
Bank Accession No. AF139113) was ampliﬁed from pSNSOX5 by
PCR (EXSOXA: AAA AGG ATC CAT GCC CAA GGA ACA
GAT CAG ACC C; EXSOXXR: AAA ATC TAG AGC CTA TTT
GTT GAC CGG G), digested with the restriction endonucleases XbaI
and BamHI and then cloned into pDorex [12], yielding pDorex-
soxAX. Further cloning steps were carried out as previously described
[12].
2.5. Puriﬁcation of recombinant SoxAX
The recombinant protein was puriﬁed from periplasmic extracts that
were prepared as in [20]. In some cases, Pefabloc Protease Inhibitor
(Roche Biochemicals, ﬁnal concentration 0.5–1 mM) was added to
the extracts which were then loaded directly onto a DEAE-Sepharose
(GE Healthcare) column (2.6 · 32 cm) equilibrated in 10 mM Tris–
HCl, pH 7.8 (A) and eluted using a gradient from 0 to 200 mM NaCl
in 20 column volumes (CV). To rSoxAX containing fractions ammo-
nium sulfate was added to 15% (w/v) and the sample applied onto a
Phenyl Sepharose CL-4B (GE Healthcare) column (1.6 · 24 cm) equil-
ibrated in buﬀer A containing 15% ammonium sulfate (w/v). The pro-
tein was eluted in a gradient from 15% to 0% ammonium sulfate over
15 CV. After concentration using Amicon Ultraﬁltration units (15 ml
volume) (Millipore), the sample was separated on a Superdex 75 Hi-
Load (16/60) column (GE Healthcare) (buﬀer: 10 mM Tris–HCl,
150 mM NaCl). In some cases a MonoQ (5/5) strong anion exchanger
was used for a ﬁnal puriﬁcation step.
2.6. Spectroscopic and analytical techniques
Optical spectra of the rSoxAX protein were recorded using a Hitachi
U-3000 split-beam spectrophotometer. Analytical ultracentrifugation
was performed on samples with an E280 of 0.4 at 13 000 rpm for 20 h
at 20 C using a Beckman XL-1 ultracentrifuge. Heme type and con-
tent were determined in alkaline pyridine solution using an extinction
coeﬃcient of 21.5 mM1 cm1 [21], denaturing and non-denaturing
PAGE were performed according to [22]. PAGE-gels were stainedype References
ctase [30]
A-argF)U169 Invitrogen
mK+) supE44k
lacY1 tsx78 glnV44 New England
-6 hisG4 rfbD1 rpsL136 Biolabs
thi-1 mcrB1 hsdR2
RP4-2 Tcr::Mu [16]
Stratagene
[31]
rivate, 3.5 kb SacII [9]
soxW part. soxV
[12]
ter
This study
om S. novella
This study
orEX-soxAX insert
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peroxidase activity of such gels was carried out according to [23]. N-
terminal sequencing was performed at the University of Queensland
Protein Analysis Laboratory by sequential Edman-degradation.
2.7. Mass spectrometry
Tryptic digests of the rSoxAX protein and whole protein samples
were prepared for mass spectrometry and analyzed as set out in [9].
Mass spectra were acquired on a QSTAR Pulsar QqTOF mass spec-
trometer (SCIEX, Ontario, Canada), equipped with an ionspray (neb-
ulizer assisted electrospray) atmospheric pressure ionization source.
Samples (5 ll) were injected into a moving solvent (20 ll/min; 60/50
MeCN/0.1% formic acid (aq)), coupled directly to the ionization
source via a fused silica capillary interface (50 lm i.d. · 50 cm length).
Sample droplets were ionized at a positive potential of 5 kV and en-
tered the analyser through an interface plate and subsequently through
an oriﬁce (100–120 lm diameter) at a declustering and focussing po-
tential of 80 and 250 V, respectively. Data acquisition and processing
was carried out using BioAnalyst QS software 1.1 (SCIEX, Canada).
For determination of SoxAX mass spectra after exposure of the pro-
tein to diﬀerent sulfur compounds these compounds were added to
40 ll of a 25 lM rSoxAX solution (ﬁnal concentration: 10–20 mM)
and incubated at RT for 40 min. The sulfur compounds were then re-
moved and the samples rebuﬀered by addition of 20 mM ammonium
bicarbonate buﬀer pH 7.9 (ﬁnal vol. 500 ll) and reconcentration using
Microspin concentrators (Millipore, MWCO 30 kDa). The samples
were made up to a ﬁnal protein concentration of 50 lM rSoxAX in
20 mM ammonium bicarbonate buﬀer pH 7.9, 40% acetonitrile and
stored at 20 C.
2.8. Electron paramagnetic resonance spectroscopy
X-band (ca. 9–10 GHz) continuous wave EPR spectra were recorded
on a Bruker Biospin Elexsys E500 EPR as described in [9]. rSoxAX
samples for EPR analysis contained 50 lM protein in 20 mM Tris–
HCl, pH 8.0.3. Results
3.1. Expression and puriﬁcation of rSoxAX
The expression plasmids pDorex-SoxAX and pRK-SoxAX
harbouring the soxAX genes from S. novella were constructed
and sequenced as described above. After conjugative transfer
of pRK-SoxAX into R. capsulatus DdorA, plasmids were re-
isolated from the expression strains and their identity veriﬁed.
For expression of SoxAX, 10 l of R. capsulatus pRK-SoxAX
were grown for 36–45 h under high light conditions using
RCV medium supplemented with dimethylsulfoxide (DMSO)
as described previously [12]. After isolation of the periplasmic
proteins, the recombinant SoxAX protein could be puriﬁed to
homogeneity from these extracts using only three chromato-
graphic steps. During puriﬁcation, the enrichment of the pro-Fig. 1. Properties of native and recombinant S. novella SoxAX protein. Left
M = prestained low molecular weight marker, lane 1 = native SoxAX, lane 2
(CBB stain). lane 3 = rSoxAXs, lane 4 = rSoxAXl.tein was monitored by recording UV/Vis absorption spectra
and SDS–PAGE. Up to 10 mg of pure rSoxAX could be pre-
pared from the periplasm of 10 l of R. capsulatus expression
culture.
3.2. Biochemical characterization of the recombinant SoxAX
protein
The puriﬁed rSoxAX protein was shown to be a heterodimer
(Fig. 1) with an apparent molecular mass of 48.7 kDa (native
SoxAX: 49.7 kDa) determined by analytical ultracentrifuga-
tion. Heme stains of the native and recombinant SoxAX poly-
peptides separated by SDS–PAGE had similar intensities for
both subunits, and showed that correct incorporation of the
heme groups into the two subunits of the recombinant protein
had occurred (Fig. 1). Electronic absorption spectra of
rSoxAX were identical to those recorded for the native diheme
SoxAX protein. rSoxAX contained 0.95 heme groups per sub-
unit as determined by alkaline hemochrome spectra. It became
apparent, however, that rSoxAX prepared in the absence of
protease inhibitor could contain multiple forms of the protein
that could be further separated on a MonoQ strong anion ex-
changer. The three forms of rSoxAX resulting from such a sep-
aration all contained SoxX subunits of similar sizes, but
diﬀered in the apparent mass of the SoxA subunit after separa-
tion by SDS–PAGE (Fig. 1). In all cases both subunits stained
well for heme-dependent peroxidase activity (data not shown).
Analysis of the N-termini of the two dominant forms of
rSoxAX by Edman degradation revealed that the smaller
rSoxA subunit had the same N-terminus as the native SoxA
protein (RQMIEDP), while the N-terminal sequence of the
larger rSoxA protein (AEDESEK) corresponded to the
N-terminus predicted for the soxA gene product using the
Signal P-program [24]. It therefore appears that S. novella Sox-
AX is susceptible to protease cleavage during the puriﬁcation
process that may lead to the N-terminus observed in the native
SoxAX form. Only homogeneous preparations of rSoxAX
containing the full length SoxA protein that could be easily
obtained by addition of protease inhibitor to the cell extracts
were used in further analyses.
The rSoxX subunit was N-terminally blocked and its iden-
tity was instead conﬁrmed by sequencing of tryptic peptides
(e.g. m/z 972.5 LPEGWESR, m/z 880.45 NFSAEDAK, m/z
1016.59 LQQDETQR). Mass spectra of tryptic digests of
SoxAX also clearly showed the presence of a 2866.7 Da mass
peak that is indicative of the correct formation of the disulﬁde
bond between Cys37 and Cys73 of the SoxA subunit. These
data all conﬁrm that, with the exception of the presence/panel: Coomassie Brilliant Blue (CBB) stain, middle panel: heme stain.
= recombinant SoxAX, right panel: Truncated and full length rSoxAX
Table 2
Comparison of EPR parameters of the diheme SoxAX protein from S. novella and the triheme SoxAX protein from Rv. sulﬁdophilum
Heme Type gz gx gy jR/lja jDj2 a jEj2 a jFj2 a References
S.nov. rSoxAX LS1a II 1.859 2.531 2.349 0.3544 0.0997 0.9927 0.1367 This work
S.nov. rSoxAX LS1b II 1.835 2.574 2.348 0.4117 0.1032 0.9904 0.1487 This work
S.nov. rSoxAX LS2 II 1.913 2.433 2.271 0.4056 0.0758 0.9955 0.1100 This work
S.nov. rSoxAX LS3 I 3.502 –c –c –d –d –d –d This work
S. nov. SoxAX LS1a II 1.853 2.531 2.348 0.3535 0.0101 0.9833 0.0190 [9]
S. nov. SoxAX LS1b II 1.835 2.556 2.348 0.3841 0.0107 0.9795 0.0004 [9]
S. nov. SoxAX LS2 II 1.912 2.417 2.268 0.3800 0.0057 0.9894 0.0115 [9]
S. nov. SoxAX LS3 I 3.502 –c –c –d –d –d –d [9]
Rv. sulf. SoxAX LS1a II 1.870 2.580 2.300 0.5518b 0.0077b 0.9890b 0.0209b [7]
Rv. sulf. SoxAX LS1b II 1.840 2.520 2.230 0.6052b 0.0065b 0.9692b 0.0199b [7]
Rv. sulf. SoxAX LS2 II 1.910 2.420 2.260 0.4083b 0.0055b 0.9884b 0.0117b [7]
Rv. sulf. SoxAX LS3 I 3.50 –c –c –d –d –d –d [7]
aThe rhombicity parameter jR/lj and molecular orbital coeﬃcients were calculated with ls_iron [9].
bThe assignment of the g values listed in Table 2, Ref. [7] and Table II, Ref. [9] is incorrect. The correct assignments are given here together with the
rhombicity parameter jR/lj and molecular orbital coeﬃcients.
cUnresolved resonance. In the absence of these resonances, spin quantitation cannot be accurately performed [32].
dValue cannot be determined since the g matrix is not completely deﬁned.
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rSoxAX protein puriﬁed from R. capsulatus is identical to
the native S. novella SoxAX protein in both cofactor content
and subunit composition.
3.3. Electron paramagnetic resonance studies of the rSoxAX
protein
In EPR spectra of both the triheme and the diheme forms of
the SoxAX proteins, a type I heme signal (LS3) and varying
amounts of three type II low-spin Fe heme signals (LS1a,
LS1b and LS2) can usually be observed regardless of whether
two or three heme groups are present (Table 2, Fig. S1). In
spite of the fact that the rSoxAX protein had not undergone
enzymatic turnover as part of the TOMES complex, the
EPR spectrum of rSoxAX (Fig. 2(a)) contained resonances
centred around g = 2.2 that can be attributed to LS1a, LS1b
and LS2. Computer simulations [25–27] of the EPR spectrum
of rSoxAX (Fig. 2(a)) with an orthorhombic spin Hamiltonian
and the spin Hamiltonian parameters for LS1a, LS1b and LS2Fig. 2. EPR spectrum of recombinant S. novella SoxAX in the g = 2
region. (a) Experimental spectrum of recombinant SoxAX, 50 lM, in
20 mM Tris–HCl, pH 8.0; (b, c, d) Computer simulation of sites LS1a,
LS1b and LS2, respectively. Experimental conditions: temperature:
2 K, microwave power: 20 mW, microwave frequency 9.3524 GHz,
modulation frequency: 100 kHz, modulation amplitude 5 G.(Table 2) yield the spectra shown in Fig. 2(b), (c) and (d),
respectively. LS1a, LS1b and LS2 were present in the spectrum
in relative proportions of 26%, 23% and 51 ± 5%. The spin
Hamiltonian parameters for the three rSoxAX species (Table
2) agree with those for LS1a, LS1b and LS2 from S. novella
SoxAX. The molecular orbital coeﬃcients D, E, F for the
ground state doublet (j±1/2æ = Djdyz ± 1/2æ + Eidxy ± 1/
2æ + Fjdxz ± 1/2æ) indicate that the unpaired electron is pre-
dominantly in a jdxyæ based molecular orbital, as observed
for native SoxAX. In the EPR spectra of both the native
and the recombinant SoxAX an axially symmetric EPR signal
was observed from adventitious copper(II).
Additional resonances were present at g = 3.5, 4.3, 6.06 and
9.248 (Fig. 3). The resonance at g = 3.5 (LS3) is most probably
attributable to the heme group located on SoxX that containsFig. 3. EPR spectrum of recombinant S. novella SoxAX, 50 lM in
20 mM Tris–HCl, pH 8.0. Experimental conditions: temperature: 2 K,
microwave power: 20 mW, microwave frequency 9.3524 GHz, modu-
lation frequency: 100 kHz, modulation amplitude 5 G.
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arises from a high spin Fe(III) heme centre. As His/Met coor-
dinated heme groups rarely assume a high spin conformation,
this signal, which is also observed for the oxidized Rv. sulﬁdo-
philum SoxAX, is likely to originate from the His/Cys ligated
SoxA heme group. There is also a small proportion of a high
spin Fe(III) impurity in the preparation as reﬂected by the
appearance of weak resonances at geﬀ = 4.3 and 9.248.
Overall, the rSoxAX EPR spectrum contained all the reso-
nances found for the native S. novella SoxAX, with the excep-
tion that in the native SoxAX the resonance at g = 3.5 could
only be observed after addition of ferricyanide to the sample.
The additional resonances present in the rSoxAX protein are
reminiscent of features observed in EPR studies of the triheme
Rv. sulﬁdophilum SoxAX protein (Fig. 3) [7].
3.4. Mass spectrometry of rSoxAX
In order to ascertain the presence or absence of post-transla-
tional modiﬁcations to the rSoxAX protein that could give rise
to the observed EPR signals, the molecular masses of the undi-
gested rSoxAX subunits were determined using electrospray
mass spectrometry. The spectra obtained from as prepared
samples of rSoxAX clearly showed that while the SoxX sub-
unit (observed mass: 20250 ± 4 Da) appeared to exist in only
one form, several distinct mass peaks were obtained for the
SoxA subunit (Figs. 4 and 5). The two major mass peaks ob-
tained for SoxA, 28 687 ± 4 and 28 718 ± 4 Da, were present
in almost equal amounts and corresponded to the theoretical
mass of SoxA including the mass of a heme group
(28 687.5 Da) and a form exceeding this mass by 31 ± 4 Da,
a mass diﬀerence close to the mass of one sulfur atom
(32 Da) (Fig. 5). In addition to these major peaks that ac-
counted for 70% of the SoxA related signals, minor mass
peaks that exceeded the theoretical mass by 57 ± 4, 86 ± 4,
113 ± 4 and 145 ± 4 Da were observed (Fig. 5). The latter
two masses correspond well to those of a thiosulfate molecule
(112 Da) and a sulfenyl-thiosulfate (–S–S–SO3
2) group
(144 Da). The mass spectrometry and EPR data both indicate
that in spite of the fact that the rSoxAX protein had not under-
gone turnover as part of a TOMES complex in the expression
host, the protein still existed in a variety of modiﬁed and un-
modiﬁed forms.Fig. 4. Electrospray mass spectrum of rSoxAX, as prepared. (A) Mass spect
SoxX, is present in charge states +16 to +11, the SoxA species  in charge
29 kDa species which, however, only represents a minor component of theTo gain further insight into how these modiﬁcations might
have arisen, electrospray experiments were conducted with
rSoxAX that had been incubated with either thiosulfate, dim-
ethylsulﬁde (DMS) or dimethylsulfoxide (DMSO). Mass deter-
mination followed removal of the sulfur compounds as set out
above. Thiosulfate may have been a contaminant of the
ammonium sulfate-containing buﬀer used during hydrophobic
interaction chromatography, and the two organosulfur com-
pounds are present in the growth medium of the expression
host with 60 mM DMSO being used to induce protein expres-
sion and DMS being the product of enzymatic DMSO reduc-
tion. However, DMS was not formed in signiﬁcant amounts
during protein expression as the DdorA Rhodobacter host
strain is unable to express DMSO reductase, the main protein
catalyzing DMSO reduction.
Incubation of rSoxAX with thiosulfate did not give rise to a
substantial change in the mass spectra except that the mass
peaks at +113 ± 4 and +145 ± 4 Da became slightly more
prominent. This suggests that the observed rSoxAX modiﬁca-
tion is unlikely to arise from exposure of the protein to its pro-
posed substrate, thiosulfate (Fig. 5). After exposure of rSoxAX
to dimethylsulﬁde the unmodiﬁed SoxA form was dominant,
with the +32 ± 4, +113 ± 4 and +145 ± 4 Da forms being pres-
ent in equal amounts (Fig. 5). In contrast, following treatment
with DMSO, almost all of the SoxA protein was found to be in
a +112 ± 4 Da conformation, with the unmodiﬁed form, the
+144 ± 4 Da and a +225 ± 4 Da form also present (Fig. 5). It
would then appear that rSoxAX undergoes a reaction with
DMSO, which favours the formation of a +112 Da, possibly
thiosulfate-modiﬁed SoxA. Another possible explanation for
the mass diﬀerence of 112 Da would be an adduct of a sulfur
atom and a DMSO molecule (110 Da). However, since a treat-
ment of rSoxAX with sulﬁte (data not shown), a molecule that
is structurally related to DMSO also gives rise to a dominant
+112 Da form of SoxA it seems likely that the ligand does rep-
resent a thiosulfate molecule. Since the protein expression
medium contains 60 mM DMSO the recombinant SoxAX pro-
tein is probably ﬁrst isolated in the +112 Da form, and a sub-
sequent breakdown of this modiﬁcation during the protein
puriﬁcation process may lead to the mixture of modiﬁed and
unmodiﬁed SoxA forms that was observed in the as prepared
rSoxAX sample.rum, (B) reconstructed mass proﬁle. In panel A species *, representing
states +34 to +16. Minor peaks observed in the spectrum belong to a
reconstructed mass proﬁle.
Fig. 5. Reconstructed electrospray mass spectra of rSoxA after treatment of puriﬁed rSoxAX with diﬀerent sulfur compounds. The mass accuracy of
the observed peaks is ±4 Da.
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Using R. capsulatus as the host organism, we have been able
to produce a recombinant form of the diheme SoxAX protein
from S. novella. Discrepancies between the relative amounts
of the two subunits formed as found for a triheme SoxAX
protein in an E. coli based expression system [8] were not
apparent at any puriﬁcation stage. The recombinant S. novella
SoxAX protein was located in the periplasm of R. capsulatus
from which it could be puriﬁed. Its heme content and bio-
chemical properties were found to be comparable to those
of the native SoxAX protein, with the exception of the N-ter-
minal processing of the SoxA subunit which appears to be af-
fected by proteolysis in SoxAX puriﬁed from Starkeya
novella. As in the native SoxAX protein, no reduction of as
prepared rSoxAX by either thiosulfate or sulﬁte could be ob-
served in spectrophotometric assays even after incubation
times of >60 min. These data suggest that the recombinant
SoxAX protein is correctly folded, processed and targeted in
R. capsulatus, as had been previously observed for a molybde-
num and heme c-containing sulﬁte dehydrogenase from S. no-
vella [12]. The good yields and insertion of the cofactors in
stoichiometric amounts are noteworthy as c-type cytochromes
are often diﬃcult to express in a heterologous host [8,28,11].
Although heme groups are synthesized and inserted into
proteins in the reduced Fe(II) form [29], the recombinant
diheme SoxAX appeared oxidized throughout the puriﬁcation
process.
Contrary to initial expectations, the puriﬁed rSoxAX protein
was shown to exhibit the full complement of heme-dependentEPR signals observed for the native triheme and diheme forms
of the protein, and subsequent mass analyses conﬁrmed that
the as prepared rSoxAX exists as a mixture of an unmodiﬁed
and several modiﬁed forms. The most prominent of these
(+31 ± 4 Da) likely corresponds to a cysteine persulﬁde modi-
ﬁcation that had been previously shown to exist in the Rv. sulf-
idophilum triheme SoxAX [10,7]. It is assumed that, by analogy
to what was found for the Rv. sulﬁdophilum triheme SoxAX,
the modiﬁcation of the diheme SoxAX is likely to take place
at the heme ligating Cys199 of SoxA. Other, minor modiﬁca-
tions, especially those by +113 ± 4 and +145 ± 4 Da corre-
spond well to the masses of thiosulfate and a sulfenyl-
thiosulfate group. Mass modiﬁcation of +226 ± 4 and
+259 ± 4 Da as observed after incubation of rSoxAX with
thiosulfate correspond to the masses of a tetrathionate and a
pentathionate molecule, respectively. At this stage, there is
no obvious explanation for the observed modiﬁcations of
+57 ± 4 and +86 ± 4 Da. The existence of various forms of
SoxA is in accordance with the postulation that a variety of ac-
tive site modiﬁcations should be possible in SoxAX proteins
[10].
A very important ﬁnding is that modiﬁcation of SoxA can
arise simply by exposure of the puriﬁed protein to sulfur com-
pounds. It is also noteworthy that incubation with neither of
the sulfur compounds tested in the modiﬁcation assay gave rise
to a reduced optical spectrum of SoxAX, although changes in
the dominant SoxA mass peaks did occur as shown in Fig. 5.
Dimethylsulfoxide had not been previously described as being
reactive towards SoxAX, but it nevertheless caused a drastic
shift in the SoxA mass spectrum towards a dominant
U. Kappler et al. / FEBS Letters 579 (2005) 2491–2498 2497+112 ± 4 Da form. Until now it had been assumed that
the cysteine-persulﬁde observed in the active site of the Rv.
sulﬁdophilum SoxAX resulted from turnover of the protein
or incomplete reaction cycles. This may be the case, but our
observations raise the question of how speciﬁcity in catalysis
is achieved when the Cys/Cys-persulﬁde is such a reactive
nucleophile.
Attempts to gain further insights into the nature of the mod-
iﬁcation after tryptic digestion of rSoxAX were unsuccessful,
as the 873 Da peptide containing Cys199 was only observed
in minute amounts with either MALDI or electrospray MS
that were unsuitable for peptide sequencing. Masses corre-
sponding to modiﬁed forms of this peptide were not clearly
identiﬁable.
EPR spectra obtained for rSoxAX were most similar to
those seen for the triheme Rv. sulﬁdophilum SoxAX [7]. As
the mass spectrometry results for the as prepared rSoxAX
showed the presence of almost equal amounts of the unmodi-
ﬁed and the +31 ± 4 Da form of the SoxA subunit, it is inter-
esting to note that the LS1 and LS2 type signals attributed to a
His/Cys ligated heme group and a His-Cys-persulﬁde ligated
one, respectively, were present in near equal amounts. How-
ever, it is still unclear what causes the observed heterogeneity
in the LS1 signal, as only one heme with a corresponding liga-
tion is present in S. novella SoxAX.
Another surprising ﬁnding of the EPR studies was that the
LS3 signal could be easily observed in the as prepared spectra
of rSoxAX, while in the native S. novella protein it could only
be observed after oxidation of the sample with ferricyanide,
indicating that the as prepared native diheme SoxAX was
not completely oxidized. This last diﬀerence may be explained
by a change in the midpoint potentials of the hemes which,
however, would require a structural modiﬁcation to at least
one of the hemes that should then be reﬂected in the observed
g matrices. Alternatively, it could be caused by a change in the
apparent potential if the two hemes are coupled through an
electron transfer pathway. So far only a single heme-dependent
potential has been reported for both the di- and triheme Sox-
AX proteins [10,9].
Clearly, further studies involving both structural analysis of
rSoxAX and EPR redox potentiometry of deﬁned forms of
rSoxA linked to mass analysis of the protein samples are
needed to completely investigate the role of the Cys-persulﬁde
and potential ligand environment changes for the complexity
observed in the SoxAX EPR spectra. The recombinant diheme
SoxAX protein described herein is particularly suited for such
investigations as it contains only the two active site heme
groups while maintaining the full complexity of the EPR signal
and can be obtained in speciﬁc modiﬁcation forms by exposure
to diﬀerent sulfur compounds.Acknowledgement: This work was supported by a fellowship and grant
to UK from the University of Queensland.Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version at doi:10.1016/j.febslet.
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